Abstract -Characterizing the mechanism of drop formation at the interface of horizontal oilwater stratified flows is a fundamental problem eliciting a great deal of attention from different disciplines. We experimentally and theoretically investigate the formation and transition of horizontal oil-water stratified flows. We design a new multi-sector conductance sensor and measure multivariate signals from two different stratified flow patterns. Using the Adaptive Optimal Kernel Time-Frequency Representation (AOK TFR) we first characterize the flow behavior from an energy and frequency point of view. Then, we infer multivariate recurrence networks from the experimental data and investigate the cross-transitivity for each constructed network. We find that the cross-transitivity allows quantitatively uncovering the flow behavior when the stratified flow evolves from a stable state to an unstable one and recovers deeper insights into the mechanism governing the formation of droplets at the interface of stratified flows, a task that existing methods based on AOK TFR fail to work. These findings present a first step towards an improved understanding of the dynamic mechanism leading to the transition of horizontal oil-water stratified flows from a complex-network perspective.
from the ST&MI flow pattern. The investigation on the dynamic transitions from a ST flow pattern to a ST&MI flow pattern can yield deeper insights into the mechanism governing the formation of droplets, which is very crucial for understanding the formation and transition of horizontal oil-water dispersed flow patterns. Therefore, the study of ST flow and ST&MI flow is of paramount importance. Distinct horizontal oil-water flow patterns have been observed [3, 4] and the characterization of oil-water flows has attracted much attention from physical and chemical research fields. Numerical simulations [5] , wavelet multiresolution technique [2] and theoretical models [6, 7] have been employed to study experimental horizontal oil-water twophase flows. But compared to the study of gas-liquid flows, works particularly dedicated to the investigation of horizontal stratified flows are quite limited. In addition, the mechanism of drop formation at the interface of horizontal oil-water stratified flows is still elusive. Therefore, it 50004-p1 becomes quite important and necessary to develop a new and effective tool to quantitatively uncover the mechanisms leading to the formation and transition of horizontal oil-water stratified flows from experimental measurements.
Complex-network theory has provided an increasingly challenging framework for the study of complex systems from different research fields [8] [9] [10] [11] [12] [13] [14] [15] . Charting the interactions between system components, abstracted as nodes and edges, has allowed us to represent a complex system as a complex network and then assess the system in terms of network theory. Recently, complex-network methods applied to time series analysis have proven great potential for characterizing important properties of complex dynamical systems [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . In particular, the recurrence network technique [25] [26] [27] [28] [29] [30] has established itself as a powerful tool for quantitatively and geometrically characterizing complex dynamical systems and time series. We recently have used recurrence networks to successfully identify five different horizontal oil-water flow patterns [31] .
In this letter, we aim to experimentally and theoretically study the mechanisms leading to the formation and transition of horizontal oil-water stratified flows. We design a new multi-sector conductance sensor and systematically carry out horizontal oil-water two-phase flow experiments for measuring multivariate signals from ST flow pattern and ST&MI flow pattern. Utilizing the Adaptive Optimal Kernel Time-Frequency Representation (AOK TFR), we first investigate the flow behaviors from different local measured signals. We find that the local flow behaviors of ST flow patterns and ST&MI flow patterns are distinct in the sense that their energy and frequency distributions are different, but the energy and frequency distributions are not very sensitive to the transitions of flow conditions and hence the AOK TFR method does not allow uncovering the mechanism governing the formation of drops at the interface of stratified flows. In this regard, we resort to the multivariate recurrence network to investigate the horizontal oil-water stratified flows. We find that the inferred multivariate recurrence networks exhibit the topological structure of "network of networks", which can be quantitatively assessed by the cross-transitivity. Our results suggest that the cross-transitivity allows quantitatively uncovering the flow behavior when the stratified flow evolves from a stable state to an unstable state and can yield deeper insights into the mechanism governing the formation of drops at the interface of stratified flows, a task that existing methods based on AOK TFR fail to work.
Experiments and data acquisition. -We carry out a horizontal oil-water two-phase flow experiment in a 20-mm-inner-diameter pipe in a multiphase flow loop at Tianjin University. The main sensor is our newly designed four-sector conductance sensor ( fig. 1(a) ), which enables to measure the local flow behavior of horizontal oil-water flows. It consists of eight alloy titanium concave electrodes axially separated and flush mounted on the in- horizontal pipe is the continuous oil phase and the bottom part the continuous water phase. The ST flow pattern can be characterized by a smooth oil-water interface with no droplets and only small waves ( fig. 2(a) ). As can be seen in fig. 4 (a), the frequency of the continuous oil phase in the upper part of the pipe is in the range of 0-60 Hz, but its energy is very low. In the bottom part, due to effects of turbulence, the frequency of the continuous water phase is in the range of 0-40 Hz and its energy becomes higher compared to that of the continuous oil phase ( fig. 4(c) We find that the distributions of AOK TFR present very similar distributions in the transition from ST to ST&MI flow pattern, e.g., when the water flow rate increases from 0.1474 m/s to 0.2210 m/s, which cannot be used to uncover details of the transitions of stratified flow patterns. In this regard, the AOK TFR method does not allow uncovering the mechanism governing the formation of drops at the interface of stratified flows. It is thus necessary to develop a more efficient approach to uncover the mechanism leading to the formation of ST and ST&MI flow patterns. Therefore, in the next section we will resort to the multivariate recurrence networks and demonstrate its power in characterizing horizontal oil-water stratified flows.
Multivariate recurrence network analysis of stratified flows. -Multivariate time series (e.g., our experimental signals M A , M B , M C and M D ) can be embedded into the same phase space by using a suitable mdimensional embedding with a proper time delay τ . Given a certain threshold ε and a certain distance norm · , we can then get recurrence relationships between any two space vectors in this phase space. In particular, for vectors that come from the same time series (such as M A ),
we get the auto-recurrence matrix R A as follows:
and as for vectors from different time series (such as M A and M B ), we get the cross-recurrence matrix R
where Θ(·) is the Heaviside function Θ(x) = {1 | x > 0; 0 | x ≤ 0}. The embedding dimension m and delay time τ should be properly selected to reconstruct phase space and we use the FNN [33] method and the C-C [34] method to determine m and τ , respectively. Combining the crossand auto-recurrence matrix, we obtain a multivariate recurrence matrix IR
In order to consider the IR as a network of networks, the cross-recurrences should be lower than the autorecurrences
According to ref. [29] , we fix the auto-and cross recurrence rate at 0.03 and 0.02, respectively. Note that, the recurrence rate reflects the edge density of a recurrence network. For a time series, there exists a one-to-one mapping between the recurrence rate and the recurrence threshold, and one recurrence rate exclusively corresponds to one recurrence threshold. For different time series, the same recurrence rate can generate different recurrence thresholds. In particular, we determine the thresholds for auto-(cross-) recurrence networks in terms of the same fixed auto-(cross-) recurrence rate, and the recurrence thresholds for different auto-(cross-) recurrence networks are different. Therefore, the thresholds in the multivariate recurrence matrix IR can be different. Consequently, we obtain a multivariate recurrence network by interpreting the multivariate recurrence matrix as a network adjacent matrix. More details about the recurrence network and recurrence analysis are in refs. [26, 35] . Four signals measured from one flow condition are mapped into a multivariate recurrence network. For each generated multivariate recurrence network, there exist four subnetworks, denoted as subnetwork A, B, C, D, resulting from the four different sector signals M A , M B , M C and M D , respectively. In order to characterize the local and cross property between subnetworks, we use the recently proposed cross-transitivity [29] . A cross-transitivity for subnetwork A to B can be defined as follows: (6) Actually, T AB , as an analog to the canonical network transitivity [8] , counts the number of "cross-triangles" over the number of "cross-triples". It is important to indicate that the cross-transitivity is not invariant under the permutation A ↔ B, i.e., T AB = T BA . Note that for two subnetworks A and B constructed from two coupled dynamic systems, if the coupling direction is A → B and the coupling is large enough, we can find a state − → B (k) in B, which is cross-recurrent to both − → A (i) and − → A (j), due to the coupling's diffusive nature and thus the tendency to "drag" the trajectory of B towards A. The resulting "cross-triangle" adds to the value of T BA according to the definition of cross-transitivity. Therefore, we see that T BA > T AB in case of a unidirectional coupling A → B and vice versa for the opposite coupling direction. We calculate the cross-transitivity between all pairs of subnetworks for each constructed network to investigate the flow behavior leading to the formation and transition of horizontal oil-water stratified flows. The number of data points for each signal entered the analysis is 120000. Note that, for each flow condition, we divide the four signals M A , M B , M C , M D , into six parts with equal length, i.e., 2, 3 , . . . , 6. Then we construct the network and calculate the cross-transitivity for each part, and finally we obtain the ensemble mean and standard deviation of the cross-transitivity for the six parts. We show the cross-transitivity of all pairs of subnetworks for a multivariate recurrence network generated from the ST flow pattern ( fig. 6(a) ), and the ST&MI flow pattern ( fig. 6(b) ). We calculate the ensemble means and standard deviations (error bars) of the cross-transitivity for all flow conditions in the transitions from ST flow to ST&MI flow and present the results in fig. 7 . For the ST 
DA for different stratified flow patterns are located in distinct regions, and when a transition from ST flow to ST&MI flow occurs, a sudden change of cross-transitivity will appear ( fig. 7) , which allows quantitatively distinguishing ST flow from ST&MI flow.
We now demonstrate how to investigate the mechanism leading to the formation of droplets at the oil-water interface in the transition from ST flow to ST&MI flow in terms of the network measure from multivariate recurrence networks. For a fixed oil flow rate, when the water flow rate is low, e.g., U sw = 0.1105 m/s, the ST flow is in a stable state and there are no interfacial waves or there only exist interfacial waves of small amplitudes at the oil-water interface. With an increase of the water flow rate, e.g., U sw = 0.1474 m/s, the amplitudes of the interfacial waves gradually increase and the turbulence of water phase also increases, but the interfacial waves are still stable and the wave amplitudes are not large enough to form droplets under this flow condition. Correspondingly, for ST flow pattern, as the water flow rate increases from 0.1105 m/s to 0.1474 m/s, the T BC and T DC gradually decrease, indicating the increase of the amplitudes of the stable interfacial waves ( fig. 7) . Note that the drag force resulting from the difference between the oil flow rate and the water flow rate will lead to an increase of the wave amplitudes and the deformation of interfacial waves, but the gravity and surface tension force tends to preserve the original interfacial wave shape. With a further increase of the water flow rate, e.g., U sw = 0.2210 m/s, the water phase moves at a higher flow rate than the oil phase and begins to undercut the oil layer until the breakage of droplets becomes possible, i.e., the onset of ST&MI flow pattern. It should be noted that the formation of droplets at the oil-water interface becomes possible only if the drag force exceeds the retaining force of surface tension. As can be seen in fig. 7(a) , when the water flow rate is low and the interfacial waves are stable, the T AB , T AD , T CB , T CD gradually decrease with the increase of the water flow rate. When the water flow rate reaches to U sw = 0.2210 m/s, a sudden change of cross-transitivity T AB , T AD , T CB , T CD occurs and then T AB , T AD , T CB , T CD will increase with an increasing water flow rate. This sudden change of cross-transitivity indicates that the interfacial waves have evolved from a stable state to an unstable state and the drag force has exceeded the surface tension and, consequently, droplets are formed from the unstable oil-water interface. In addition, as shown in fig. 7(b) , the cross-transitivity T BC and T
DC
for the stable stratified flow (ST flow) are usually large, while for the unstable stratified flow (ST&MI flow) they are small, and the decrease of T BC and T DC suggests that the amplitudes of the interfacial waves gradually increase. When the water flow rate increases from 0.1474 m/s to 0.2210 m/s, T BC decreases from 0.65 to 0.54 and T DC decreases from 0.64 to 0.59, indicating that the amplitudes of the interfacial waves have reached a critical value for the formation of droplets. These interesting results suggest that the cross-transitivity, which is very sensitive to the amplitude of interfacial waves, can faithfully characterize 50004-p5 the flow behavior when the stratified flow evolves from a ST stable state to a ST&MI unstable state and can yield deeper insights into the mechanism governing the formation of drops at the interface of stratified flows, a task that existing methods based on AOK TFR fail to work.
Conclusions. -The problem of characterizing the formation and transition of horizontal oil-water stratified flows based on experimental measurements has been a challenge in the study of multiphase flow. We design a new multi-sector conductance sensor for measuring multivariate signals from ST flow and ST&MI flow. We exploit the framework of multivariate recurrence network to construct network from multivariate signals for different flow conditions and arrive at a result of "network of networks", which can be assessed by the network measures crosstransitivity. Our results suggest that the cross-transitivity can faithfully indicate the formation of droplets at the interface induced when the drag forces become greater than the surface tension force, and further allow quantitatively characterizing the flow behavior associated with the formation and transition of horizontal oil-water stratified flows, a task that existing methods based on AOK TFR fail to work. Due to the effectiveness and generality of the method, we expect it to be useful for broader applications in science and engineering.
